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Abstract: This study used geophysical data analysis to map and provide useful estimates of the geometry,
depth, and magnetization of the magnetic sources, as a continuation and improvement over the earlier anal-
yses in the area. Fugro airborne surveys collected aeromagnetic data for the Nigeria Geological Survey
Agency (NGSA) between 2009 and 2010. The study area’s data were processed and analyzed using an im-
proved tilt derivative (TDR) technique and 2D magnetic structural modelling. The result of TDR reveals the
horizontal location and extent of the edges of various magnetic sources that formed lineaments. The results
from 2D modelling for the selected profiles (Pl, P2, P3, P4, and P5) identify zones with a high magnetic
anomaly responding to fractures. These fracture regions of the basement complex area could be caused by
fault/shear zones. Fault-induced areas on these sub-basin floors are important hosts for hydrothermal miner-
alization. In comparison to the geological setting, these regions are underlain by quartz-mica schist, biotite-
hornblende, granite, biotite, gneiss, diorite, migmatite, medium coarse-grained sandstone, ironstones, laterite,
siltstones, and clay. These regions could be suitable for mineral exploration and correspond to the Ngaski,
Yauri, Magama, Shanga, and Rijau. However, in comparison to the SPI results, the depth/thickness of the
sediments that crossed the areas of the sedimentary basin and basement complex zones did not match the
results of 2D forward modelling. The SPI technique usually provides an average depth of the magnetic
source and is unable to accurately map the undulating basement. While the aforementioned results of 2D
forward modelling provide sediment thickness by accurately reflecting basement topography.
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features and mineralization potentials
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1. INTRODUCTION

Subsurface structural analysis is critical in the exploration of mineral resources (Maghfira
and Niasari 2017). Almost all types of mineral deposits and hydrocarbon accumulations
are influenced, either directly or indirectly, by some structural focus. This could be on
a local or regional scale, at the deposit’s crustal level, or at greater crustal depths (Ada-
ma et al. 2019). Therefore, understanding the formation, origin, and location of mineral
deposits requires an understanding of the structural architecture of a mineralized area,
the distribution and orientation of faults and shear zones, their formation and possible
reactivation during structural evolution, and the tectonic conditions (Reeves 2005;
Danbatta et al. 2008; Adewumi and Salako 2018). Thus, aeromagnetic data can be used
to assess structural problems at all scales, including mine and prospect scales. The mag-
netic character of the geology, survey line spacing, and flying height all influence how
much aeromagnetic data can contribute to structural analysis (Adetona et al. 2018).
Aeromagnetic interpretations typically include a variety of structure types, such as con-
formable sedimentary contacts, concordant to discordant intrusive and extrusive con-
tacts, erosional contacts, metamorphic layering, faults, shears, fractures, veins, folds,
and so on (Isles and Rankin 2013). Furthermore, the structures in the Nigerian basement
complex typically control mineralization and may be well established, necessitating
a geophysical approach that depicts potential mineral exploration pathways (Ejepu et al.
2018; Augie and Sani 2020). Accordingly, several field mapping exercises were carried
out in the southern part of Kebbi, NW Nigeria, in order to assess the mineralization
potential solely based on aeromagnetic data. Earlier qualitative studies in the area (Ram-
adan and Abdel Fattah 2010; Bonde et al. 2019; Lawali et al. 2020; Lawal et al. 2021)
reveal major structural trends oriented along ENE-WSW, NE-SW and E-W directions
while minor trends were along NW-SE, NNE-SSW, NNW-SSE and N-S directions of
the study area. These results are generally concordant with the main regional structural
trend and are dipping to the NW. It is also revealed that the northeastern and southwest-
ern parts of the area are dominated by the basement complex, which may play host to
economic minerals. Augie et al. (2021) and Augie et al. (2022) correlated that structures
delineated within the area correspond to quartz-mica schist, granite, biotite, gneiss, dio-
rite, medium coarse-grained, and biotite hornblende granite when compared to the geo-
logical setting. These are mineral-hosting alteration zones. The regions correspond to
the southeast parts of Yauri and Shanga, Fakai, Ngaski, Zuru, Magama, and Rijau, as
well as the eastern parts of Wasagu/Danko and Bukkuyum (Fig. 1).

In this article quantitative approach is used to provide useful estimates of the geome-
try, depth, and magnetisation of the magnetic sources. Magnetic modelling can approx-
imate empirical rules that relate a magnetic body’s depth, shape, and magnetization to
specific parameters derived from anomaly profile plots (Blakely 1996). The southern
part of Kebbi is located in a low latitude zone, and none of the previous researchers used
a reduction-to-equator (RTE) filter for centralizing the anomalies. To prevent abnormal
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noise in the results of the north-south signal in the data at low latitudes, a separate am-
plitude must be corrected (Holden et al. 2008; Core et al. 2009) as would be done in
RTE filtered data. Major potential field filters previously employed in the area are first
and second vertical derivatives (FVD and SVD), as well as analytic signals (AS). These
techniques occasionally produce false edges and are less effective in detecting the edge of
deep or thin sources associated with minerals. Pham et al. (2019), Pham et al. (2020a),
Pham et al. (2020b), Pham (2021), and Pham et al. (2021) recently introduced some new
methods for detecting lineaments that perform better as edge detection filters. The tilt
derivative (TDR) (Miller and Singh 1994) was introduced and uses the amplitude of the
total horizontal derivative to normalize the vertical derivative. This technique was im-
proved further to show the shallow and deep edges at the same time. Geophysical mag-
netic data analyzes were performed on geological structures with mineralization poten-
tials in the southern part of Kebbi (NW Nigeria). These magnetic studies are magnetic
data mapping and 2D magnetic data modelling. The improved TDR technique was used
in delineating the lineaments (such as faults, fractures or shears zones) believed to be
associated with alteration zones which play an important role in determining mineraliza-
tion potential zones. The 2D data modelling was used as a continuation of magnetic
studies as improvements over the earlier analyses (Augie et al. 2021; Augie et al. 2022).
TDR was used to map shallow basement structures and mineral exploration targets.
2D magnetic models (geometric bodies) approximate the real geological body, revealing
the area’s subsurface structural features. The 2D modelling used in this study combines
aeromagnetic, shuttle radar topography mission (SRTM), and geologic grid data to iden-
tify regions with overburden thickness associated with different earth materials capable
of hosting minerals. Using source parameter imaging (SPI) algorithms, this study also
reveals the depth to which miners could access for mineral commodities with strong
affinities to the rock types within the geological setting of the study area.

Geologically, the study area is comprised of basement complex rocks and a portion
of a sedimentary basin (see Fig. 1). Quartz-mica schist, migmatite, granite, biotite gneiss,
diorite, medium to coarse-grained, undifferentiated schist including gneiss, and biotite-
hornblende granite were associated with the basement complex regions. Sandstone,
siltstones, clay, laterites, undifferentiated schist, and medium coarse-grained schist make
up the sedimentary basin regions as shown in Fig. 1 (NGSA, 2006). There are also some
metasedimentary regions that contain quartzites, schists, and phyllites, whereas older gran-
ites contain granodiorites/or diorites (Augie et al. 2022). Furthermore, dacites/rhyolites
overlie and intrude on the basement gneisses, metasediments, and granitic rocks of the
southern part of Kebbi (Danbatta 2008). The area also included a brittle fault zone com-
posed of sub-parallel phyllites and deformed and undeformed quartzites, and it is part of
the mapped Anka transcurrent fault, which is referred to as a possible Pan-African crus-
tal suture (Danbatta 2005). Due to high magnetic anomalies in the region, the southern
part of Kebbi is strongly associated with the edge of the magnetic structures (Lawal et al.
2021). When compared to the geological setting of the area, this is usually associated
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with the presence of ferromagnetic, Fe-bearing rocks with some felsic minerals (Augie
et al. 2022). In this study, geophysical data from the magnetic method and the 2D mag-
netic modelling technique were used to map the structures that may host minerals. As
a continuation and improvement on previous analyses in the area, these methods were
used to provide useful estimates of the geometry, depth, and magnetization of the mag-
netic sources associated with mineralization potential zones.

2. THEORETICAL FRAMEWORK AND PROCEDURES

2.1. REDUCTION TO MAGNETIC EQUATOR (RTE) TECHNIQUE

The study area is located in low-inclination magnetic equatorial zones (low latitudes).
RTE techniques usually has an amplitude component [sin(l)] and a phase component
[icos(l) cos(D — 6)]. The values are always synchronized and given by (Holden et al.
2008 and Core et al. 2009).

L(0) = [sin(1) —icos(D — 8)]* x[-cos®(D - 6)]

=— . X — S ,if(lal <1),la=1
[sin“(la) +cos”(1a)cos” (D — 8)] x[sin“(l) + cos” (D — 6)

@)

where: | is geomagnetic inclination in [degrees], D is geomagnetic declination in [de-
grees azimuth] and la is inclination for amplitude correction (never less than 1), L(6) is
non-dimensional and is a multiplier that must scale down or up some magnetic field
anomaly. Equation (1) gives the field strength that is usually required for apparent sus-
ceptibility calculation.

The TMI map was reduced to the magnetic equator using this equation to produce
anomalies that do not depend on the inclination and declination of the magnetized body,
the local earth’s field, and the body’s orientation with respect to the magnetic north.

2.2. TECHNIQUE TILT DERIVATIVE (TDR) TECHNIQUE

For mapping shallow basement structures and mineral exploration targets, the tilt deriva-
tive and its total horizontal derivative are useful (Miller and Singh 1994; Thurston and
Smith 1997).

The tilt derivative (TDR) is defined as

(@)

TDR =tan‘l( VDR j

THDR

DR and THDR are the first vertical and total horizontal derivatives, respectively, of
the total magnetic intensity anomaly field T.
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vor =91, 3)
dz
2 2
THDR = (d—Tj + d—T ) 4)
dx dy
The total horizontal derivative of the tilt derivative is defined as:
2 2
HD TDR = (dTDRj + dTDR ) (5)
dx dy

HD_TDR is in units of radians/distance.

Consequently, these equations were used to evaluate this study. The following steps
were used for calculating the TDR grid: firstly, aeromagnetic data from a reduced RTE
anomaly grid were inputted named as TILTDRV.IN and the output tilt derivative grid
(TDR) was named the parameter TILTDRV.OUT. Likewise, the output horizontal de-
rivative of the TDR grid (HD-TDR) was named TILDTDRV.OUT2. The parameter of
the z-derivative was computed using the fast Fourier transform (FFT) and was named
TILTDRTV.METHOD. Thus, the TDR map was prepared.

2.3. SOURCE PARAMETER IMAGING (SPI) TECHNIQUE

The SPI method distinguishes and characterizes regions of deep magnetic sources from
those of shallow magnetic sources, as well as determining the magnetic source's depth
(Thompson 1982). The depth estimate is unaffected by magnetic inclination, declina-
tion, dip, strike, or remanent magnetization (Odidi et al. 2020). The SPI technique is
based on a step-type source model (Smith et al. 1998) given as.

D = 1Kmax , (6)
where kmax represents the peak value of k (local wave number) which is located over the
step source with

2 2
k= [d—Aj + 9A : @)
dx dy

where A is the tilt derivative (TDR). Maximum value of k occurs at the tips of the wave-
length and so capable of mapping structural boundaries.

This study/article made use of these equations. Using the standard Montaj filters, the
SPI menu allows to computation of the two horizontal derivative grids (dx and dy) in the
space-domain and the first vertical derivative grid (dz) in the frequency-domain. The dx,
dy, and dz were computed by inputting the RTE grid. The resultant dx, dy, and dz grids
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were input to calculate the SPI grid. The output lines and channels reveal the database
consisting of X and Y coordinates of the solution points which are saved in the speci-
fied line. The corresponding depths are saved in a channel called SPI value. Thus, the
depth values were further griddled, and the resultant SPI map was prepared for this
article.

2.4. 2-D QUANTITATIVE MODELLING

The subsurface configuration of magnetic units can be determined using modelling
techniques. The most common method is forward modelling, which involves using an
initial guess of the shape and magnetization to calculate a magnetic anomaly, comparing
the calculated anomaly to the observed anomaly, and modifying the shape and magneti-
zation to improve agreement between the two. This uses standard forward modelling
methods to approximate subsurface geology with horizontal tabular prisms characterized
as model blocks in the 2D cross-section. The model blocks had to be consistent with the
mapped geologic units. The model bodies’ geometries were determined using a series of
forward and inverse calculations to match model anomalies with observed anomalies
within the limits imposed by surface geology and rock property data useful for estimat-
ing the horizontal extent of buried sources (Talwani et al. 1959; Blakely and Connard
1989). Typically, the modelling procedure can be automated using one of two types of
inverse modelling techniques: (a) if the source’s bounding shape is known, the distribution
of magnetization within the source can be determined using least-squares or Fourier-
-transform techniques; and (b) if simplifying assumptions for the distribution of magnet-
ization can be developed, the shape of magnetic sources can be automated (Bott 1967;
Parker 1973).

For this study, the steps used include calculation, comparison and adjustment as con-
tinuously until the calculated and observed anomalies are in satisfactory agreement us-
ing the gravity/ magnetic system (GM-SYM) in Oasis Montaj software. The steps taken
using the Oasis Mantaj were first assembling the RTE, SPI, SRTM, and Geologic grids
from the grid profile menu. The line names were given as profiles 1, 2, 3, 4, and 5, with
a sample interval of 200 m. The method used to set profile coordinates was digitizing
from a map. The profiles, on the other hand, were extracted from RTE, SPI, SRTM, and
geologic grids perpendicular to the area’s geological structures. The elevation of each
profile was calculated using data tools from the SRTM database. GX system was used to
load the GM-SYS menu for 2D magnetic modelling. The obtained RTE, elevation, and
SRTM grids were inputted into the system, and the root name for the models was named
“models”. The results from GM-SYS reveal the model of each profile. The adjustment
of the calculated and observed curves of the models was made until they matched each
other. This will approximate the real geological body and aid in the discovery of subsur-
face structural features. The models provided useful estimates of the geometry, depth,
and magnetization of magnetic sources.
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3. THE STUDY AREA

This research focuses on the southern part of Kebbi state, as well as parts of the
Zamfara and Niger states, NW Nigeria. The region is located between latitudes
10°30’0"'N and 12°0'0"'N, and longitudes 4°0'0"”E and 5°30'0"E. It covered the areas
of Zuru, Ngaski, Yauri, Shanga, Sakaba, Fakai, Danko/Wasagu, Koko Besse, Maiyama,
Bagudo, Suru, Kebbe, Bukkuyum, Gummi, Agwara, Rijau, Borgu, and Magama
(see Fig. 1).

— LGAs
I:] Study Area
- Migmatite, Granite, Biotite Gnelss
[ Diorite and Migmatite
= and
Sandstones, Siltstones and Clay
- Quarzt - Mica schist
Sandstones, Ironstones and Laterites

Undifferentiated Schist, including some Gnelss 4°00'E 5°300°E

I Biotite Gneiss

- Medium Coarse Grained and Biotite-homblende Granite

0 15 30 60 Kilometers

Fig. 1. Location and geological map of the study (Augie et al. 2022)

The area has an elevation ranges from 148.40 m to 396.10 m (Fig. 2). The areas
marked with light blue to dark blue in Suru, Dandi, Magama, Bagudu, Koko/Besse,
Shanga, Yauri, Agwara, Ngaski, and parts of Kebbe, Fakai, Borgu, and Magama had the
lowest value. The regions marked with yellow to pink had the highest value. Jega,
Gummi, Bukkuyum, Wasagu/Danko, Zuru, Sakaba, Rijau, Mariga, Kontagora, and parts
of Kebbe, Fakai, Borgu, and Magama are among these areas (see Fig. 2). Climatically,
two seasons are observed; the first is the winter season, which begins in March and ends
in October each year. Second, the harmattan season runs from November to March each
year. As shown in Fig. 2, the topographical elevation ranges from 148.40 m in the val-
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leys to 396.10 m on the hills. The area’s valleys and hills are associated with basement
and sedimentary zones, respectively.
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Fig. 2. Digital elevation model of the study area showing the topography

Figure 2 depicts the high-elevation regions in a red-pink colour. When compared to
the geological setting of the area (Fig. 1), they fall under the basement complex. These
areas were associated with quartz-mica schist, migmatite, granite, biotite gneiss, diorite,
medium- to coarse-grained, undifferentiated schist including gneiss, and biotite-horn-
blende granite. The low-elevation zones are denoted by a green-blue colour. When com-
pared to the geological setting, the regions are part of a sedimentary basin. The basin’s
earth materials include sandstone, siltstones, clay, laterites, undifferentiated schist, and
medium coarse-grained schist.

However, the regions of the basement complex containing the aforementioned
earth material usually exhibit significant positive magnetic susceptibility, which cor-
responds to the presence of ferromagnetic minerals such as gold. Mafic and ultramafic
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rocks with ferromagnetic properties are more likely to contain Fe-bearing minerals
(gold minerals). As a result of the types of rock formations highlighted in these areas,
the regions are suitable for this study. The carbonate content of the depositional envi-
ronment can strongly influence the portion of the sedimentary basin in a given zone,
and the carbonate species are usually strongly dependent on both sedimentary facies
and sediment provenance.

4. MATERIALS AND METHOD

In this study, acquired aeromagnetic, shuttle radar topography mission, and geologic grid
data were used covering the southern part of Kebbi and its environs (study area). Fugro
airborne surveys collected the aeromagnetic data for the Federal Government of Nigeria
between 2009 and 2010. The Nigeria Geological Survey Agency (NGSA) is the custodi-
an of data grids. Half-degree grids are obtained are: Grids 72_(Giru), 73_(Eokku),
74_(Donko), 95 (Kaoje), 96_(Shanga), 97_(Zuru), 117_(Konkwesso), 118 (Yelwa), and
119 (Chifu) were acquired. The data are high-resolution aeromagnetic (HRAM). High-
-resolution aeromagnetic (HRAM) data are commonly defined as data collected at
a flight line spacing of 800 m or less, at flight heights of 150 m or less, at 15 m or
less sample spacing along flight lines and at better than 0.1 nT accuracy. The pre-
sent survey does fall under this definition since the flight line spacing is 500 m
(<800 m specification for HRAM) and the data recording interval is less than 0.1 s
or less than 7 m (<15 m requirement for HRAM) and so all criteria for HRAM were
satisfied in these data. Flight line spacing (500 m), terrain clearance (80 m), tie line
spacing (2000 m), flight direction is NW-SE, and tie line direction is NE-SW. The
acquired data were corrected by removing the geomagnetic gradient (Definitive
Geomagnetic Reference Field, DGRF) using the main/core field. The generated
core fields (DGRF for the 2010 epoch period) are subtracted from the grid values
(TMI) to give the magnetic anomaly (TMI anomaly). TMI anomaly map was re-
duced to the magnetic equator in order to reveal the effects of rock materials polar-
ized by the horizontal component of the Earth’s magnetic field and therefore cen-
tralizing the field data on the causative materials.

Finally, 2D magnetic evaluation was performed by selecting 5 magnetic profile lines
across the RTE map of the study area. This uses standard forward modelling methods
(Talwani et al. 1959; Talwani and Heirtzler 1964) to approximate subsurface geology as
model blocks in the 2D cross-section. The technique employed magnetic, shuttle radar
topography mission (SRTM) and geologic grid data obtained from NGSA. A series of
forward and inverse calculations were used to match model anomalies with observed
anomalies within the constraints imposed by surface geology and rock property data.
The parameters that define the model are adjusted, and the anomaly is recalculated until
the calculated and observed anomalies give a plausible geologic model source. This
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entails making numerical estimates of the depth and dimensions of the sources of anom-
alies until the models revealed the geological body associated with the area’s subsurface
structural features.

5. RESULTS AND DISCUSSION

5.1. TMI AND RTE RESULTS

Figure 3 shows a colour representation of the TMI map of the study area. This TMI was
transformed into a TMI anomaly by subtracting the generated core fields (DGRF for the
epoch period) from it. TMI anomalies were then further reduced to the magnetic equator
(RTE). The resultant composite colour depicting RTE anomalies is given in Fig. 4. This
is primarily used in this study to reveal the magnetic characteristic of the various litho-
logical units in the area.
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Fig. 3. Total magnetic intensity (TMI) map of the study area
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The magnetic signatures range from a low magnetic anomaly to a high magnetic
anomaly. Anomalies ranging from —660.764 nT to —449.618 nT exhibit a high magnetic
trend, which is signified by a red or pink colour. These regions are corresponded to the
Yauri, Ngaski, Shanga, Bagudo, Koko/Besse, Borgu, Agwara, Magama, Kontagora, and
some part of Mariga. Areas with low magnetic anomalies, indicated in blue, ranging
from —773.258 nT to —882.685 nT. These zones correspond to the Gummi, Bukkuyum,
Kebbe, Jega, Wasagu/Danko, Zuru, and Sakaba. The regions moderate magnetic trends
indicated in green, ranged from —763.974 nT to —679.219 nT. These zones are correlated
to Suru, Dandi, Maiyama, Fakai and Rijau (see Figure 4). Thus, low and high regions
are distinguished by different rock formations that result in variations in the magnetic
susceptibility of the rocks within the area. The susceptible rocks typically occur at
depths shallower than the curie point isotherm. The high negative values indicate high
magnetic susceptibility zones as the magnetic equator is a zone of zero inclination and
all rocks are polarized by the horizontal component of the Earth’s magnetic field which
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usually opposes the rock magnetization. The resultant anomaly after the removal of the
crustal field and other temporal effects from the measured field is usually negative over
magnetic materials.

5.2. TDR RESULT

Figure 5 shows the TDR map of the area generated from RTE anomalies (Fig. 4). The
map reveals the horizontal location and extent of the edges of various magnetic sources
that formed lineaments. The edges of the shallow and deep sources of magnetic anomalies
were more pronounced. The major structures are seen within the SE parts of Yauri and
Shanga, Fakai, Ngaski, Zuru, Magama, Rijau, Wasagu/Danko, and Bukkuyum. These struc-
tures revealed the spatial location of the magnetic source edges. When compared to the
geological setting of the area, the regions are underlain by granite, rhyolite, biotite-gra-
nite, meta-conglomerate, quartz-mica schist, migmatite, and gneiss. These structures might
be potential hosts for minerals.
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5.3. SPI RESULT

Figure 6 revealed the depth to magnetic sources as well as the depth to basement rock
contact, fractures, or faults with dykes. Examining closely the depths are divided into
three categories: <137 m, identified with a pink colour, 150 m to 303 m, identified with
a yellow/green colour, and above 665 m, identified with a blue colour. The obtained SPI
depth map aided in specifying the depth of the causative body boundaries and trends of
the structures shown and in Fig. 7. The pink zones <137 m depth correspond to fault/
structural trend regions identified in the SE parts of Yauri and Shanga, Fakai, Ngaski,
Zuru, Magama, Rijau, the eastern part of Wasagu/Danko, and Bukkuyum. The blue zones
>1000 m depth correspond to portion sedimentary basin. These regions identified in the
Suru, Dandi, Maiyama, Bugudo, Jega, Koko/Besse, Borgu and some parts of shanga,
Yauri and Kebbe.
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5.4. 2D MAGNETIC MODELLING

The five profiles for the modelling are selected to run perpendicular to the structural
trend pictured from the TDR technique (Fig. 5) and the geological setting of the area
(Fig. 1) shown in Fig. 7. These would aid in estimating subsurface structures that might
be potential hosts for mineral resources. Results from 2D magnetic models for the five
profiles are interpreted in terms of the geological setting of the area and susceptibility of
rock as given in Figs. 8-12. The results of the 2D forward modelling are summarized
in Table 1. The table shows the mineralization potential zones of the study area for 2D
modelling profiles P1, P2, P3, P4, and P5. It included the locations, distances, and
depths/thickness of the area’s suitable mineralization exploration potential zones. These
areas correspond to the Ngaski, Shanga, Rijau, Magma, Zuru, the eastern part of Yauri,
and Kontagora.
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Table 1. Summary of results obtained from the 2D forward modelling

Probable
Depth/ . o
SIN | Profile Location Lateral thickness Roc.k. mlnerallz_a tion
length [km] compositions potential
[km]
remark
NE part 000- | 000 |OQuartz-micaschist,
of Borgu 34.00 0.60 gndlﬁgrentlated sch_lst No
including some gneiss
1 P1 | Northern part 35.00— 0.00- gncilfc:grentlated SCh.'St N
Agwara 54,00 140 |including some gneiss, 0
quartz-mica schist
SE part of Ngaski 58%.00% 0198% quartz-mica schist Yes
NE part 0.00— 0.00- | sandstone, ironstones, No
of Bagudu 45.00 0.20 | laterite, siltstones and clay
. 46.00— 0.00- | sandstone, ironstones,
NE part of Yauri 87.00 0.60 | laterite, siltstones and clay No
Eastern part 88.00— 0.00- | sandstone, ironstones, No
of Borgu 105.00 0.60 | laterite, siltstones and clay
Eastern part 106.00— 0.00- | medium coarse grained, Yes
2 P2 of Yauri 120.00 2.20 | biotite-bornblande granite
medium coarse grained,
. 121.00— 0.00- | biotite-bornblande granite,
NE part of Ngaski 140.00 2.00 | sandstone, ironstones, Yes
laterite, siltstones and clay
biotite gneiss, diorite,
SW part 141.00- 0.00— | migmatite, medium coarse Yes
of Magama 165.00 1.80 | grained, biotite-bornblande
granite
0.00— 0.00— | sandstone, ironstones,
SE part of Suru 14.00 0.30 | laterite, siltstones and clay No
NE part 15.00— 0.00- | sandstone, siltstones, clay No
of Koko/Besse 83.00 0.30 | and metaconglomerate
84.00— 0.00— | migmatite, granite,
NE part of Shanga 98.00 0.60 | biotite and gneiss Yes
. 99.00- 0.00— | diorite, migmatite
SW part of Rijau 119.00 1.20 | and quartz mica-schist Yes
3 P3 gszt:ég part of 1123?30(?0_ 02(1106 quartz mica-schist Yes
Eastern part 134.00- 0.00- | diorite, migmatite, medium Yes
of Ngaski 147.00 3.00 | coarse grained and biotite
Southern part 148.00- 0.00- | diorite, migmatite, medium Yes
of Rijau 182.00 3.60 | coarse grained and biotite
Eastern part 183.00— 0.00—- | migmatite, granite, biotite Yes
of Magama 203.00 4.20 |and gneiss
Kontagora 204.00— 0.00— | diorite, mi_gmatite, m_ed_ium No
231.00 6.60 | coarse grained and biotite
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Southern part 0.00— 0.00- metaconglomerate,
sandstone, siltstones, No
of Jega 20.00 020 |: -
ironstones, laterite and clay
21.00— 0.00— metaconglgmerate, sandstqne,
SW part of Kebbe siltstones, ironstones, laterite, No
50.00 0.20 o . .
clay, diorite and migmatite
Fakai 51.00- 0.00- | diorite, migmatite and No
4 P4 110.00 1.20 | quartz-mica schist
diorite, migmatite,
" 111.00- 0.00- | quartz-mica schist,
NE part of Rijau 145.00 0.22 | medium coarse grained and Yes
biotite hornblende granite
diorite, migmatite,
Northern part 146.00— 0.00- | quartz-mica schist, Yes
of Magama 170.00 1.80 | medium coarse grained and
biotite hornblende granite
. 0.00- 0.00- |sandstone, siltstones, clay
SW part Gummi 32.00 1.00 |and quartz-mica schist No
NE part 33.00- 0.00- | quartz-mica schist, diorite No
of Wasagu/Danko 50.00 1.80 | and migmatite
5 P5 51.00- 0.00— qqartz-mlca schist, dlprlte,
NE part of Zuru 63.00 1.60 migmatite, coarse grained Yes
) ) and biotite bornblende
Eastern part 64.00— 0.00- | ,. . . .
of Sakaba 80.00 260 diorite and migmatite No

5.4.1. PROFILE 1 (P1)

The 2D forward modelling of magnetic data for P1 is shown in Fig. 8. The profile runs
from the NW part of Borgu to the SE part of Ngaski (see Fig. 7). The subsurface fea-
tures of P1 could be sectionalized into sediments and the basement. The sediment thick-
ness varies over the basement configurations. The maximum depth/thickness of the sed-
iment section that crossed the sedimentary basin is 1.4 km. These areas corresponded to
the northwest portion of Borgu and the northern portion of Agwara. The maximum
depth/thickness of the sediment section that crossed the basement complex zone is 1.8 km.
These zones corresponded to the SE part of Ngaski. In comparison to the geological
setting of the area (Fig. 1), the sediments section was made of different earth materials
as given in Table 1. The model, however, is based on the magnetic anomaly curves
obtained, and these fracture curves were characterized by a high magnetic anomaly
(-460.00 nT/m) shown in the SE part of Ngaski. The pattern of this curve is in response
to fault or shear zones. In these fault-induced areas, fault features on the sub-basin floor
may be important hosts for hydrothermal mineralization. These areas could be potential
mineral exploration targets.

The thickness of the sediments (1.4 km) is insufficient for hydrocarbon maturation in
the profile portion of the sedimentary basin. According to Wright et al. (1985), the min-
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imum thickness for the concealment of hydrocarbons is about 2.3 km; the results ob-
tained fall short of this standard. This implies that hydrocarbon accumulation is not
a viable option. In comparison to the SPI results, the depth/thickness of the sediments
that crossed the aforementioned zones of the sedimentary basin and basement complex
is 1.671 km and <0.137 km, respectively. The results of SPI did not match the results of
2D forward modelling, because of it various impediments. It only provides average
depth of magnetic source, and it is unable to accurately map the undulating basement.
This explains why 2D forward modelling was used in this study to provide sediment
thickness while accurately reflecting basement topography.
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Fig. 8. 2D iterative inversion model of magnetic data for profile one

5.4.2. PROFILE 2 (P2)

Figure 9 shows the 2D forward modelling of magnetic data for P2. As shown in Fig. 7,
the profile runs from the northeast corner of Bagudu to the southwest corner of Maga-
ma. P2's subsurface features can be divided into sediments and the basement. The thick-
ness of the sediment varies according to the configuration of the basement. The maxi-
mum depth/thickness of the sediment section that crossed the sedimentary basin is 1.5
km. These areas corresponded to the northeastern part of Bagudo, the northeastern part
of Yauri, and the eastern part of Borgu. The sediment section that crossed the basement
complex zone reached a maximum depth/thickness of 2.6 km. These zones corresponded
to the eastern portion of Yauri, the northeast portion of Ngaski, and the southwest por-
tion of Magama. In comparison to the geological setting (Fig. 1), the sediments section
was composed of various earth materials, as shown in Table 1. The model, on the other
hand, is based on the magnetic anomaly curves that were obtained. A fracture curve
identifies a high magnetic anomaly (-520.00 nT/m) in the eastern part of Yauri, the
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northeastern part of Ngaski, and the southwest part of Magama. This curve’s pattern
is caused by faults or shear zones. Fault features on the sub-basin floor may be im-
portant hosts for hydrothermal mineralization in these fault-induced areas. These are-
as may be suitable for mineral exploration. The thickness of the sediments (1.5 km) is
insufficient for hydrocarbon maturation in the profile of the sedimentary basin. The
minimum thickness for the concealment of hydrocarbons, according to Wright et al.
(1985), is approximately 2.3 km; the results obtained fall short of this standard. This
implies that accumulating hydrocarbons is not feasible. In comparison to the SPI re-
sults, the depth/thickness of the sediments that crossed the aforementioned sedimen-
tary basin and basement complex zones is 1.671 km and 0.137 km, respectively. The
SPI results did not match the 2D forward modelling results due to a variety of imped-
iments. It only provides an average depth of magnetic source and is unable to accu-
rately map the undulating basement. This explains why, in this study, 2D forward
modelling was used to provide sediment thickness while accurately reflecting base-
ment topography.
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Fig. 9. 2D lterative inversion model of magnetic data for profile two

5.4.3. PROFILE 3 (P3)

The 2D forward modelling of magnetic data for P3 is shown in Fig. 10. The profile
runs from the SE part of Suru to Kontagora, as shown in Figure 7. Sediments and
basement are the two subsurface features of the P3. The thickness of the sediment
varies according to the basement configuration. The sediment section that crossed
the sedimentary basin had a maximum depth/thickness of 0.8 km. These zones cor-
respond to the SE part of Suru, the SW part of Maiyama, and the NE of Ko-
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ko/Besse. The depth/thickness of the sediment section that crossed the basement
complex zone reached 9.6 km. These zones correspond to the northern part of
Shanga, the southern part of Rijau, the eastern part of Ngaski, the southern part of
Rijau, the eastern part of Magama, and Kontagora. In comparison to the geological
setting (Fig. 1), the sediment section was made up of a variety of earth materials, as
shown in Table 1. The model, on the other hand, is based on the obtained magnetic
anomaly curves. In the aforementioned basement complex areas, a fracture curve
identifies a high magnetic anomaly (-560.00 to —630 nT/m). The pattern of this
curve is caused by faults or shear zones. In these fault-induced areas, fault fea-
tures on the sub-basin floor may be important hosts for hydrothermal mineraliza-
tion. These areas could be good for mineral exploration. The sedimentary basin’s
sediment thickness (0.8 km) is insufficient for hydrocarbon maturation. According
to Wright et al. (1985), the minimum thickness for the concealment of hydrocar-
bons is approximately 2.3 km; the results obtained fall short of this standard. This
means that accumulating hydrocarbons is not a viable option. In comparison to
the SPI results, the depth/
thickness of the sediments that crossed the aforementioned sedimentary basin and
basement complex zones is 1.671 km and <0.137 km, respectively. Because of
various impediments, the SPI results did not match the results of 2D forward
modelling. It only provides an average depth of magnetic source and is unable to
map the undulating basement accurately. This explains why in this study, 2D
forward modelling was used to provide sediment thickness while accurately re-
flecting basement topography.
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Fig. 10. 2D lterative inversion model of magnetic data for profile three

5.4.4. PROFILE 4 (P4)

Figure 11 illustrates the 2D forward modelling of magnetic data for P4. The profile runs
from the southern part of Jega to the northern part of Magama (see Fig. 7). The P4 has two
subsurface features: sediment and basement. The thickness of the sediment varies with the
configuration of the basement. The maximum depth/thickness of the sedimentary basin
section was 1.2 km. These zones correspond to the southern part of Jega, the western part
of Kebbe, and Fakai. The sediment section that crossed the basement complex zone
reached a depth/thickness of 2.9 km. These zones correspond to the northern and north-
eastern parts of Rijau and Magama, respectively. Table 1 shows that, in comparison to the
geological setting (Fig. 1), the sediment section was composed of a variety of earth materi-
als. The model, on the other hand, is based on the magnetic anomaly curves that were ob-
tained. A fracture curve identifies a high magnetic anomaly (—700.00 nT/m) in the afore-
mentioned basement complex areas. This curve’s pattern is caused by faults or shear
zones. Fault features on the sub-basin floor may be important hosts for hydrothermal min-
eralization in these fault-induced areas. These areas may be suitable for mineral explora-
tion. The sediment thickness (1.2 km) in the sedimentary basin is insufficient for hydrocar-
bon maturation, as the minimum thickness for hydrocarbon concealment is approximately
2.3 km. This means that accumulating hydrocarbons in the area is not a viable option.
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Fig. 11. 2D lterative inversion model of magnetic data for profile four

5.4.5. PROFILE 5 (P5)
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Figure 12 depicts 2D forward magnetic data modelling for P5. The profile runs from the
SW part of Gummi to the Eastern part of Sakaba (see Fig. 7). Sediments and basements
are two subsurface features of the P5. The thickness of the sediment varies according to
the basement configuration. The sedimentary basin section has a maximum depth/thick-
ness of 1.2 km. These zones correspond to the SW part of Gummi. The depth/thickness of
the sediment section that crossed the basement complex zone was 2.6 km. These zones
correspond to the NW Wasagu/Danko, the NE Zuru, and the eastern Sakaba. Table 1
shows that the sediment section was made up of a variety of earth materials in compari-
son to the geological setting (Fig. 1). The model, on the other hand, is based on the ob-
tained magnetic anomaly curves. In the Zuru, a fracture curve identifies a high magnetic
anomaly (-800.00 nT/m). The pattern of this curve is caused by faults or shear zones.
In these fault-induced areas, fault features on the sub-basin floor may be important hosts
for hydrothermal mineralization. These areas could be good for mineral exploration. The
sedimentary basin thickness (1.2 km) is insufficient for hydrocarbon maturation because
the minimum thickness for hydrocarbon concealment is approximately 2.3 km. This
means that storing hydrocarbons in the area is out of the question.
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Fig. 12. 2D lterative inversion model of magnetic data for profile five

5.4.5. POSSIBLE MINERALIZED ZONES OF THE STUDY AREA

Figure 13 shows the mineralization potential zones of the study area. These zones show
the fracture curves with high magnetic anomalies along the 2D modelling profiles (P1,
P2, P3, P4, and P5). The curve’s pattern is usually caused by faults or shear zones. Fault
features on the sub-basin floor may be important hosts for hydrothermal mineralization
in these fault-induced areas. These areas may be suitable for mineral exploration. As
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shown in Fig. 13, the areas corresponding to the Ngaski, Shanga, Rijau, Magma, Zuru,
the eastern part of Yauri, and Kontagora.
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6. CONCLUSIONS

The results of this study, which used the TDR technique and 2D forward modelling,
revealed potential mineralization areas. This is significant and consequently an im-
provement in some earlier studies in the same area. The horizontal location and extent of
the edges of various magnetic sources that formed lineaments are revealed by TDR. The
shallow and deep sources of magnetic anomalies had more pronounced edges. The major
structures were discovered in the SE part of Yauri and Shanga, Fakai, Ngaski, Zuru,
Magama, Rijau, Wasagu/Danko, and Bukkuyum. The 2D modelling of magnetic data for
the selected profiles (PI, P2, P3, P4, and P5) identifies zones with a high magnetic
anomaly responding to fractures. The selected profiles’ subsurface features are essentially
sediments and the basement. For P1, P2, P3, P4, and P5, the maximum depth/thickness
of the sediment section that crossed the sedimentary basin is 1.4 km, 1.5 km, 0.8
km, 1.2 km, and 1.2 km, respectively. The depth/thickness of the sediment section that
crossed the basement complex zone is 1.8 km, 2.6 km, 9.6 km, 2.9 km, and 2.6 km for
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P1, P2, P3, P4, and P5. In comparison to the SPI results, the depth/thickness of the sed-
iments that crossed the areas of the sedimentary basin and basement complex zones is
1.671 km and <0.137 km, respectively. Due to various impediments, the SPI results did
not match the results of 2D forward modeling. It only provides an average depth of
magnetic source and is unable to accurately map the undulating basement. This explains
why, in this study, 2D forward modelling was used to provide sediment thickness while
accurately reflecting basement topography. In a portion of the sedimentary basin, the
obtained thickness/depth of the sediments is insufficient for hydrocarbon maturation.
The minimum thickness for the concealment of hydrocarbons, according to Wright et al.
(1985), is about 2.3 km; the results obtained fall short of this standard. This implies that
accumulating hydrocarbons is not a viable option. Fault/shear zones may have caused
the fracture regions in the basement complex area. The regions are underlain by quartz-
mica schist, biotite-hornblende, granite, biotite, gneiss, diorite, migmatite, medium
coarse-grained sandstone, ironstones, laterite, siltstones, and clay in comparison to the
geological setting. Fault features on the sub-basin floor may be important hosts for hy-
drothermal mineralization in these fault-induced areas. These areas may be suitable for
mineral exploration. Potential mineralization zones were discovered to correspond to the
Ngaski, Shanga, Rijau, Magma, Zuru, eastern part of Yauri, and Kontagora. The use of
magnetic data analyses in this study has aided in mapping the lineaments (such as faults,
fractures, or shear zones) thought to be associated with alteration zones, which play an
important role in determining mineralization potential zones.
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